The interaction between cholesterol (Chol) and phospholipids in bilayers was investigated for the ternary model lipid rafts, DOPC/eSM/Chol and DOPC/DPPC/Chol, with differential scanning calorimetry (DSC) and 13 C cross polarization magic angle spinning (CP-MAS) solid-state NMR. The enthalpy and transition temperature (T m ) of the Lα liquid crystalline phase transition from DSC was used to probe the thermodynamics of the different lipids in the two systems as a function of Chol content. The main chain 13 C (CH 2 ) n resonance is resolved in the 13 C CP-MAS NMR spectra for the unsaturated (DOPC) and saturated (eSM or DPPC) chain lipid in the ternary lipid raft mixtures. The 13 C chemical shift of this resonance can be used to detect differences in chain ordering and overall interactions with Chol for the different lipid constituents in the ternary systems. The combination of DSC and 13 C CP-MAS NMR results indicate that there is a preferential interaction between SM and Chol below T m for the DOPC/eSM/Chol system when the Chol content is ≤20 mol%. In contrast, no preferential interaction between Chol and DPPC is observed in the DOPC/DPPC/Chol system above or below T m . Finally, 13 C CP-MAS NMR resolves two Chol environments in the DOPC/eSM/Chol system below T m at Chol contents >20 mol% while, a single Chol environment is observed for DOPC/DPPC/Chol at all compositions.
Introduction
The viewpoint that cellular membranes exist in a continuous liquid crystalline (Lα) or liquid-disordered (l d ) phase is rapidly changing. Over the past 15 years a renewed interest in membrane biochemistry and biophysics has occurred in response to the proposed hypothesis that the plasma membrane of cells could be comprised of functional domains referred to as lipid rafts [1] [2] [3] [4] . The formation and detection of lipid rafts in biomembranes have attracted considerable attention due to their role in various cellular processes such as signal transduction, endocytosis, cholesterol shuttling and protein sorting [1, [5] [6] [7] [8] [9] . Lipid rafts have been linked to the formation of protein aggregates responsible for prion and Alzheimer's diseases and as potential sites for toxin binding and pathogen entry [10] [11] [12] . It has been suggested that lipid rafts play a vital role in how HIV-1 interacts with cellular membranes [13] [14] [15] . Lipid membrane lateral inhomogeneity and raft formation have been implicated in a number of lipid-associated disorders such as Tangier disease, Niemann-Pick disease type C and atherosclerosis [16] . Although it has become apparent that lipid rafts are involved in biological function and disease, a molecular level understanding of the interactions responsible for raft formation remains elusive.
Lipid rafts are described as liquid-ordered domains (l o ) comprised of saturated chain lipids and Chol dispersed in a l d matrix that has a high unsaturated chain lipid content and low Chol population. The first evidence for the existence of lipid rafts was the detection of insoluble, detergentresistant membranes [17] . These insoluble lipid phases were rich in sphingomyelin (SM) and cholesterol (Chol). Because of the indirect way lipid rafts were originally discovered (detergent-extraction) and the lack of further experimental evidence for their existence in live cells, the raft hypothesis remained controversial [18] [19] [20] . However, over the past decade, experimental evidence for membrane heterogeneity in live cells has appeared in the literature supporting the existence of lipid rafts in vivo [21] [22] [23] [24] [25] [26] [27] .
A number of model membrane systems have been studied to elucidate the thermodynamic driving forces behind domain formation in lipid mixtures containing Chol. Two common model systems are DOPC/SM/Chol and DOPC/DPPC/Chol. Liquid-liquid immiscibility has been detected in both of these systems with various experimental techniques, including fluorescence microscopy [28] [29] [30] [31] [32] [33] , 2 H NMR spectroscopy [28, 34] , 1 H MAS NMR [35] , pulsed field gradient (PFG) diffusion NMR [36] [37] [38] [39] [40] , electron paramagnetic resonance (EPR) [41] , atomic force microscopy (AFM) [42, 43] , X-ray diffraction (XRD) [44] , and neutron scattering [45] . Phase diagrams have been created for both DOPC/DPPC [31] and DOPC/SM [30, 46] ternary systems containing Chol. Some of these phase diagrams have been used to develop thermodynamic models involving condensed complexes where DPPC or SM forms the l o phase by incorporating Chol that preferentially interacts with the saturated hydrocarbon chains of these lipids, where the unsaturated chain DOPC lipid comprises the l d environment surrounding the l o domains [47] [48] [49] . Although the DOPC/DPPC/Chol and DOPC/SM/Chol model raft systems both exhibit liquid-liquid immiscibility and have similar phase diagrams [30, 31] , SM appears to more effectively decrease the interaction between Chol and DOPC compared to DPPC in the two ternary systems [40, 42] . This indicates that there is a distinct difference between the lipid-lipid and lipid-sterol interactions in these two ternary model raft formers.
Differential scanning calorimetry (DSC) and 13 C cross polarization magic angle spinning (CP-MAS) solid-state NMR are powerful tools for interrogating lipid-Chol interactions. DSC has been used extensively for decades in the biomembrane community to probe the thermodynamics of binary [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] and to a lesser extent, ternary [60, [65] [66] [67] lipid bilayers containing Chol. The enthalpy and T m of the liquid crystalline phase transition can be used to investigate the thermodynamics of the lipid bilayer system of interest as a function of Chol composition. Various 13 C MAS, 13 C CP-MAS and two-dimensional (2D) 1 H/ 13 C heteronuclear correlation (HETCOR) NMR methods have been used to probe the molecular structure and dynamics of PC [59, [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] and SM [82] [83] [84] [85] lipid bilayers containing Chol. The 1 H and 13 C isotropic chemical shifts of the lipids and Chol extracted from these NMR studies provide valuable information regarding chain ordering, hydrogenbonding and overall sterol-lipid interactions. In the present study, we use a combination of DSC and 13 C CP-MAS NMR to study the thermodynamics, structure and dynamics of the lipid and sterol constituents in DOPC/DPPC/Chol and DOPC/SM/Chol model lipid rafts as a function of Chol composition. Some distinct differences are found between the two systems.
Material and methods

Materials
1,2-Dipalmitoyl-sn-glycero-3-phophocholine (DPPC), egg sphingomyelin (eSM), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and cholesterol were purchased from Avanti Polar Lipids Inc. (Alabaster, AL) and used as received. The SM had the following acyl chain composition: 86% 16:0, 6% 18:0, 3% 22:0, 3% 24:1, and 2% unknown, according to the manufacturer. See Fig. 1 for the lipid molecular structures.
Lipid membrane sample preparation
Bilayer lipid membranes were prepared as previously described [80, [85] [86] [87] . Briefly, the membrane constituents were combined and dissolved in chloroform followed by vacuum drying overnight at room temperature to remove the solvent. The lipids were then hydrated with deionized water in a conical vial and mixed with a vortex mixer. This was followed by a minimum of five to eight freeze-thaw cycles in a − 80°C freezer and a warm water bath set to 40-50°C, above T m of the saturated chain lipid constituent. As previously verified by 31 P solid-state NMR, this protocol results in large multilamellar vesicles (MLV's) greater than 1 μm in diameter [87] . For the ternary lipid bilayer mixtures, the molar stoichiometry was always 1:1 between DOPC and the saturated chain lipid (eSM or DPPC). All lipid samples were 33 wt.% phospholipid. The lipid bilayer samples were loaded in 4 mm zirconia MAS rotors for NMR studies and sealed with kel-F inserts and caps. For DSC, the samples were transferred to TA Tzero pans and hermetically sealed with a Tzero press.
Differential scanning calorimetry (DSC)
DSC was performed using a Dupont instruments DSC 2910 equipped with a TA instruments DSC cell. The standard experiment for each sample was a 5°C/min ramp from −50°C to 80°C under high purity Helium with a flow rate of 30 ml/min. Sample runs were repeated a minimum of three times to ensure reproducible results. The DSC sample size was~5-8 mg of lipid. The DSC thermograms were analyzed with TA Universal Analysis Software to extract the enthalpy and T m of the melting transition. T m was measured at the transition maxima.
2.4. 13 C solid-state NMR spectroscopy 13 C CP-MAS NMR spectra were collected on a Bruker Avance III 400 MHz spectrometer equipped with a 4 mm double resonance MAS probe. The MAS frequency was 10 kHz in all experiments. The CP pulse sequence utilized a 4 μs 1 H π/2 pulse, a 5 ms ramped (50 → 100%) spin lock pulse on the 1 H channel and square contact pulse on the 13 C channel with a radio frequency (rf) field strength of 62.5 kHz. Two pulse phase modulated (TPPM) 1 H decoupling with a 15°phase shift was applied during acquisition with a rf field strength of 30 kHz. The actual lipid sample temperature was carefully calibrated to account for the heating effects of proton decoupling and MAS as previously described [88] . The heating effect of the low power decoupling was found to be negligible and the MAS heating effect was determined to be 10°C. Data was collected above (45°C) and below (35°C) the Lα liquid crystalline phase transition of the saturated chain lipid. All 13 C chemical shifts were referenced to the CH 2 of adamantane at 38.48 ppm on the neat TMS scale. The 13 C chemical shift of the Cγ resonance of the phospholipid is identical for the three phospholipids (DOPC, DPPC and eSM) and not influenced by the incorporation of cholesterol or changes in temperature (above or below T m ). For increased accuracy and robustness, this resonance was used as an internal 13 C chemical shift reference.
The 13 C chemical shift behavior of the lipid main chain (CH 2 ) n resonance was plotted for both binary and ternary bilayers as a function of Chol content to probe chain ordering. All data points were included for the binary systems. For the ternary systems, there were some cases where the (CH 2 ) n resonance of the saturated chain lipid constituent (eSM or DPPC) could not be resolved because of line broadening, particularly below T m . In these cases, the data point was not included in the plot. In addition, there was an unusually high degree of chain ordering observed for DOPC in the DOPC:DPPC system with 3% Chol at 35°C that did not match the other trends. This data point was also omitted.
Results
DSC of binary lipid bilayers: DOPC/Chol, DPPC/Chol and eSM/Chol
The DSC thermograms for the binary lipid bilayers as a function of Chol content are shown in Fig. 2 . For all three bilayers, a broadening and decrease in enthalpy is observed for the main chain Lα liquid crystalline phase transition and the transition is completely abolished when the Chol content reaches 50 mol%. The DPPC bilayer also displays a pre-transition that completely disappears when the Chol content is >10 mol%. Overall these DSC results agree with previous reports on DOPC [52] , DPPC [55, 56] and SM [54, 64] bilayers as a function of Chol content. In addition to the decrease in enthalpy, the DOPC bilayer displays a considerable shift (~5°C) in T m to lower temperatures as the Chol mole fraction in the bilayer is increased. An appreciably smaller (~1-2°C) T m change is observed for the eSM bilayers and a considerably more complicated, multi-component thermogram is observed for the DPPC bilayer as the Chol content is increased in the system. Similar bimodal thermograms have been used as evidence for phase separation in the binary DPPC/Chol system [55] . The enthalpy and T m trends observed in the binary systems are compared to the more complex ternary systems to help expound Chol-lipid interactions in the model lipid raft formers discussed below.
DSC of ternary lipid bilayers: DOPC/DPPC/Chol and DOPC/eSM/Chol
The DSC themograms of the ternary DOPC/DPPC/Chol system displayed a very broad DPPC Lα phase transition that was completely removed when the Chol molar composition was increased above 20 mol%. For the DOPC/eSM/Chol lipid bilayer, no saturated chain liquid crystalline phase transition was observed at any Chol content, including the DOPC/eSM sample with 0 mol% Chol. A clear, well-defined liquid crystalline phase transition was observed for the unsaturated lipid, DOPC, in both systems across the Chol composition range. Because of this, the behavior of the DOPC Lα phase transition will be the focus for interrogating lipid-Chol interactions from DSC for the ternary systems.
The DSC thermograms for DOPC in DOPC/DPPC/Chol and DOPC/eSM/ Chol as a function of Chol composition are presented in Fig. 3 . For the DOPC/DPPC/Chol bilayer system, the DOPC Lα phase transition shifts to lower temperature as the Chol content in the bilayer is increased (see Fig. 3A ). In contrast, the DOPC Lα phase transition in DOPC/eSM/Chol does not shift to lower temperature until the Chol content is increased above 20 mol% (see Fig. 3B ). This indicates that there is a distinct difference in DOPC-Chol interactions for the two systems. Specifically, there appears to be essentially no interaction between DOPC and Chol in the DOPC/eSM/Chol system until the Chol content is >20 mol% while, DOPC appears to interact with Chol at all compositions in DOPC/DPPC/ Chol. The change in the main chain liquid crystalline phase transition temperature (ΔT m ) of DOPC is plotted in Fig. 4 as a function of Chol content for DOPC/Chol, DOPC/eSM/Chol and DOPC/DPPC/Chol to further elucidate these trends. For the DOPC/DPPC/Chol bilayer, the DOPC Lα phase transition displays a ΔT m approximately half of that observed for the binary DOPC/Chol system in the 0-20 mol% Chol range. Assuming that Chol does not modulate the miscibility between DPPC and DOPC, this indicates that roughly half the Chol interacts with DOPC while, the other half presumably interacts with DPPC. This is in stark contrast with the behavior observed for DOPC/eSM/Chol where there is essentially no change in the Lα T m for DOPC up to 20 mol% Chol. Interestingly, there is an increase in the ΔT m at 20 mol% followed by a sharp decrease as the Chol amount is increased to 33 mol% for DOPC/DPPC/Chol. The increase in ΔT m near 20 mol% Chol in DOPC/DPPC/Chol may signify a decreased interaction between DOPC and Chol and could indirectly indicate an increasing interaction between DPPC and Chol at this composition. However, the ΔT m decreases sharply at Chol content >20 mol% approaching a ΔT m near that of the DOPC/Chol system when the Chol population is increased to 33 mol%. The ΔT m decreases for DOPC/eSM/Chol when the Chol mole fraction is increased above 20 mol% although the trend is not as sharp as the one observed for DOPC in DOPC/DPPC/Chol indicating that DOPC begins interacting with Chol when the Chol composition is >20 mol% in DOPC/ eSM/Chol. Overall these trends appear to indirectly indicate that there is a preferential interaction between eSM and Chol in DOPC/eSM/Chol when the Chol content is ≤20 mol%. There appears to be little, if any evidence for a preferential interaction between DPPC and Chol in DOPC/ DPPC/Chol.
The enthalpy of the Lα phase transition from DSC can be used to probe lipid-Chol interactions in the binary and ternary bilayers. The overall enthalpy is plotted in Fig. 5A as a function of Chol mole% for the binary lipid bilayer systems, DPPC/Chol, DOPC/Chol and eSM/Chol. The observed trends for the binary systems are nearly identical to those published previously in the literature [52, [54] [55] [56] 58, 69] . Specifically, there is a decrease in the enthalpy as the Chol content is increased in all three binary systems with the sharpest decay being observed for the eSM/Chol system. The latter has long been used to argue that SM lipids interact more strongly with Chol compared to PC lipids [51, 54, 57, 60] . The DPPC bilayer displays an unusual shape to the overall enthalpy curve as a function of Chol content similar to previous studies [69] . This can be attributed to the multi-component nature of the DPPC DSC thermograms as a function of Chol composition (see Fig. 2B ) and the possibility of phase separation in the DPPC/Chol binary system [55] . These enthalpy trends for the binary systems can be used to assist in understanding lipid-Chol interactions in the more complex ternary systems.
The enthalpy of the DOPC Lα phase transition is plotted as a function of Chol content for the DOPC/DPPC/Chol and DOPC/eSM/Chol bilayers in Fig. 5B . In the DOPC/DPPC/Chol system, the enthalpy of the DOPC Lα phase transition decreases similarly to the DOPC/Chol binary system (see Fig. 5A ) indicating a continuous interaction with cholesterol even in the presence of DPPC. In contrast, the DOPC Lα phase transition in the DOPC/eSM/Chol system displays an increasing enthalpy up to 20 mol% Chol followed by a sharp decrease from 20 to 33 mol% Chol. This increasing enthalpy in the 0-20 mol% Chol composition range indicates a decreasing interaction between eSM and DOPC and no evidence for an interaction between DOPC and Chol. These enthalpy trends agree with the T m results plotted in Fig. 4 where no change in the DOPC T m was observed up to 20 mol% Chol in the DOPC/eSM/Chol bilayer membrane. Overall the DSC results indirectly indicate a preferential interaction between eSM and Chol in the DOPC/eSM/Chol model lipid raft and no preferential interaction between DPPC and Chol in the DOPC/ DPPC/Chol system.
13 C CP-MAS NMR of binary lipid bilayers: DOPC/Chol, DPPC/Chol and eSM/Chol
The 13 C CP-MAS NMR spectra for the binary lipid bilayers with varying Chol contents are shown in Fig. 6 above and below the T m of the saturated chain lipid. The 13 C isotropic chemical shift of the main acyl chain (CH 2 ) n resonance is sensitive to the population of trans/gauche conformations and can be used to measure chain ordering induced by the presence of Chol in the bilayer [68, 82, 89] . A larger 13 C chemical shift for this resonance indicates a higher population of trans conformers and therefore, a higher degree of chain ordering. The 13 C chemical shift behavior of this resonance is similar for the eSM and DPPC bilayers as a function of Chol content. Below T m the (CH 2 ) n 13 C resonance displays a chemical shift of~32.5 ppm that changes little across the entire Chol composition range studied. This is consistent with an all trans conformation of the acyl lipid chain in the Lβ gel phase and shows that Chol does not impact the chain packing in this phase to any appreciable extent. In contrast, above T m in the liquid crystalline phase, a smaller chemical shift is observed because of the higher degree of chain disorder and larger population of gauche conformers in this phase when Chol is not present. Increasing the Chol content in both DPPC and eSM bilayers above T m results in a considerable increase in the 13 C chemical shift of the (CH 2 ) n resonance that approaches the chemical shift observed in the Lβ gel phase when the Chol content reaches 50 mol%. This illustrates that Chol increases the population of trans conformations of the acyl chain above T m resulting in formation of the l o phase at 50 mol% Chol. The l o phase is characterized by a high population of trans conformations in the acyl chain region with headgroup dynamics from 31 P NMR comparable to the liquid crystalline phase [87] . In general, the 13 C chemical shift trends observed for the eSM/Chol and DPPC/Chol bilayers agree with previously published results [68, 82] . In addition to the eSM and DPPC bilayers, the 13 C (CH 2 ) n chemical shift trends as a function of Chol composition were probed for the unsaturated lipid, DOPC. The DOPC (CH 2 ) n resonance also displays an increase in chemical shift at the two temperatures (both which are well above the Lα phase transition) studied as the Chol content is increased in the binary DOPC bilayer. However, the chemical shift change is smaller than those observed for the saturated lipids (eSM and DPPC).
In order to compare the impact of Chol on the different lipid bilayers more closely, the 13 C chemical shift of the (CH 2 ) n resonance is plotted as a function of Chol content (see Fig. 7 ). For the saturated chain lipids eSM and DPPC below T m , there is a slight decrease in the 13 C chemical shift as the Chol content is increased indicating a minor disordering effect in the Lβ gel phase. However, this disordering effect appears small when considering the chemical shift changes observed above T m when the Chol population is increased in the eSM and DPPC bilayers (see Fig. 7A and B) . Interestingly, when comparing the eSM/Chol and DPPC/Chol bilayers above T m , the (CH 2 ) n 13 C chemical shift of eSM actually reaches the same chemical shift as the Lβ gel phase while, the shift for DPPC is 0.5 ppm lower than that observed in the Lβ gel phase. This indicates that Chol has a stronger ordering effect on eSM compared to DPPC. This is consistent with the earlier published results that indicated a stronger interaction between Chol and SM lipids compared to PC lipids [51, 54, 57, 60, 85] . For the DOPC/Chol bilayer, the impact of Chol incorporation in the bilayer on the 13 C chemical shift is smaller compared to the eSM and DPPC systems. Nonetheless, Chol does have a detectable ordering effect on the main acyl chain of DOPC. These 13 C chemical shift trends observed for the (CH 2 ) n resonance in the binary systems can be used to understand Chol-lipid chain ordering in the more complicated ternary model raft systems.
13 C CP-MAS NMR of ternary lipid bilayers: DOPC/DPPC/Chol and DOPC/eSM/Chol
The 13 C CP-MAS NMR spectra for the DOPC/DPPC/Chol and DOPC/ eSM/Chol ternary lipid bilayer membranes are presented in Fig. 8 . Spectra were collected above and below the saturated chain lipid T m . For both systems, the main chain (CH 2 ) n 13 C resonance is resolved for DOPC and the saturated chain lipid (DPPC or eSM). Thus, lipid-Chol interactions and chain ordering can be tracked for both lipid constituents and compared between the two systems. It should be noted that this 13 C CP-MAS NMR approach for tracking chain ordering in the complex ternary mixtures does not require any selective isotope labeling as is the case with 2 H NMR spectroscopy or a probe molecule as is the case with other techniques like florescence microscopy or EPR. This is a considerable advantage since isotope labeling and the presence of probe molecules have been shown to impact the phase behavior and transition temperatures of lipid bilayer mixtures [90, 91] .
Prior to the addition of cholesterol and below T m , the saturated chain lipids (DPPC and eSM) in DOPC/DPPC and DOPC/eSM exhibit 13 C (CH 2 ) n main chain chemical shifts of 30.7 and 30.9 ppm, respectively. These shifts are identical to those observed for the lipids in the Lα liquid crystalline phase indicating that the presence of DOPC disrupts the trans acyl chain packing of the gel phase where larger shifts of~32.5 ppm are expected (see Figs. 6 and 7) . When Chol is incorporated in both systems the saturated chain lipid (CH 2 ) n resonance shifts to higher ppm indicating a chain ordering effect induced by the presence of Chol in the bilayer. Interestingly, a second, broader saturated chain 13 C (CH 2 ) n component is observed in both systems at the higher Chol contents (≥20 mol% Chol). This second component, indicated with an arrow in Fig. 8 , has a larger chemical shift (~32 ppm) and is more readily distinguished above T m of the saturated chain lipid (Fig. 8A, C) . The chemical shift of this broad resonance is indicative of the trans acyl chain packing and can be assigned to the l o phase.
The DOPC (CH 2 ) n resonance in the two systems has a chemical shift similar to the pure DOPC lipid bilayers in the Lα phase, although it appears to be~0.1 ppm higher in the 1:1 mixture with the saturated chain lipid. This shows that the saturated lipid has some effect on the DOPC chain order however, the impact is negligible compared to the impact DOPC has on the saturated chain ordering in the 1:1 mixtures with DPPC or eSM (discussed above). When Chol is incorporated into the ternary systems, the impact on the (CH 2 ) n chemical shift of DOPC is similar in the two systems above T m where a shift to higher ppm is observed as the Chol concentration is increased (see Fig. 8 ). However, below T m , there is a distinct difference between the DOPC/DPPC/Chol and DOPC/eSM/Chol systems. Specifically, the DOPC (CH 2 ) n resonance in DOPC/eSM/Chol displays no shift to higher ppm up to 20 mol% Chol while, DOPC in the DOPC/DPPC/Chol bilayer displays a continuous (CH 2 ) n resonance shift to higher ppm across the Chol composition range. This result corroborates the T m and enthalpy trends from DSC where there appeared to be no interaction between DOPC and Chol at the low Chol levels (discussed above, Figs. 4 and 5) .
The (CH 2 ) n chemical shift trends for the saturated chain lipid in DOPC/DPPC/Chol and DOPC/eSM/Chol measured above and below T m are plotted in Fig. 9 . Above T m a larger shift to higher ppm is observed for both DPPC and eSM in the ternary mixtures compared to below T m . This result is similar to the binary saturated chain lipid samples where a large degree of chain ordering is observed upon addition of Chol above T m with little to no change below T m . Further, below T m in the 0-20 mol% Chol range where a preferential interaction with Chol is believed to occur for eSM and not DPPC, the chemical shift change is nearly identical for DPPC and eSM,~0.2 ppm. This indicates that chain ordering for DPPC and eSM below T m in this Chol range is similar. This shows that although there appears to be no interaction between DOPC and Chol below T m for Chol compositions less than 20 mol%, it does not appear to occur with a corresponding larger increase in chain ordering for the saturated eSM lipid as the chemical shift change for DPPC and eSM is similar in this Chol range.
The (CH 2 ) n chemical shift trends for DOPC in the ternary lipid bilayers are plotted in Fig. 10 . Above T m of the saturated chain lipid, the chemical shift of the DOPC (CH 2 ) n resonance is nearly identical in both systems and increases consistently and linearly across the entire Chol composition. In addition, the observed slope of the chemical shift as a function of Chol content is nearly double the slope observed in the pure DOPC system. This indicates that above T m the chain ordering is likely impacted by not only interactions with Chol but, the saturated chain lipid as well. Below T m some distinct differences are observed between the two systems. The (CH 2 ) n chemical shift of DOPC displays essentially no shift from 0 to 20 mol% Chol indicating that DOPC does not interact with Chol in this composition range. Conversely, the DOPC (CH 2 ) n chemical shift displays a continuous shift in the DOPC/DPPC/Chol ternary mixture below T m with two DOPC components observed at 25 mol% Chol. The later was the only composition that exhibited two DOPC components and may provide evidence for DOPC presence in two phases in the DOPC/DPPC/Chol system.
A considerable advantage of utilizing 13 C CP-MAS NMR to probe lipid-Chol interaction in complex lipid mixtures is the ability to resolve 13 C resonances from Chol. In the ternary lipid mixtures there was a distinct difference in the behavior of the C18 Chol resonance (see Fig. 1 for structure). A blow-up of the low ppm region of the 13 C CP-MAS NMR spectrum highlighting the C18 resonance for the two ternary mixtures, DOPC/DPPC/Chol and DOPC/eSM/Chol, is displayed in Fig. 11 . For the DOPC/eSM/Chol ternary mixture two C18 Chol environments are observed for 25 and 33 mol% Chol. The Chol C18 resonance has been shown to also shift to higher ppm as the Chol content is increased in saturated chain binary lipid bilayers of DPPC/Chol and SM/Chol [68, 82] . Interestingly, the two components observed in the DOPC/eSM/Chol ternary mixture correlate well with the C18 shift of Chol in DOPC/Chol and eSM/Chol. This indicates that Chol is present in both disordered DOPC/ Chol phase and more ordered eSM l o phase. It should also be noted that the C18 of cholesterol should be deeply embedded in the membrane suggesting that the two different chemical environments result from chain packing differences and not from head group interactions. For DOPC/DPPC/Chol only a single C18 Chol resonance was observed that lied at a chemical shift between the DOPC/Chol and DPPC/Chol systems. No evidence of two Chol populations was observed for DOPC/DPPC/Chol.
Discussion
The results from the present study indicate a distinct difference between the model lipid raft formers, DOPC/DPPC/Chol and DOPC/eSM/ Chol, in terms of lipid-Chol interactions. The DSC and 13 C solid-state NMR data provide evidence for a preferential interaction between eSM and Chol at low Chol contents (≤20 mol%) for DOPC/eSM/Chol that does not appear to occur in DOPC/DPPC/Chol. The DSC T m and enthalpy trends combined with the chain ordering of the acyl chain from 13 C solid-state NMR illustrate that DOPC has a decreased interaction with eSM and essentially no interaction with Chol at these low Chol compositions when below the T m of the saturated chain lipid for DOPC/eSM/Chol. In contrast, the DOPC/DPPC/Chol system has interactions between Chol and the two lipids that appear to be similar with no preferential Chol interaction observed. This is comparable to PFG NMR diffusion results that indicated a similar interaction between DPPC and DOPC with Chol in the DOPC/DPPC/Chol ternary system [40] . The present results agree with the long standing idea that SM interacts more strongly with Chol compared to saturated chain PC lipids [51, 54, 57, 60] . They also agree directly with 2 H NMR results on DOPC/eSM/Chol and DOPC/ DPPC/Chol where the acyl chains of DOPC were found to be less ordered in the DOPC/eSM/Chol bilayer compared to the DOPC/DPPC/Chol bilayer suggesting that DOPC interacts less strongly with Chol in the former system [42] . In addition, a similar preferential interaction between SM and Chol was observed with 2 H NMR on the related raft forming model system, POPC/SM/Chol, where a preferential interaction with Chol was observed in the same compositional range as the present study [34] .
The direct comparison of the DOPC/DPPC/Chol and DOPC/eSM/Chol systems indicates that preferential Chol-lipid interactions can occur in DOPC/eSM/Chol, but not the DOPC/DPPC/Chol bilayer in the compositional and temperature range studied here. However, the similarity in phase separation behavior for the two systems [28, 30, 31] , opens the question as to what the driving force is behind phase separation in systems where no preferential lipid-Chol interactions are present (i.e. DOPC/ DPPC/Chol). The current results show that although preferential lipid-Chol interactions may assist in explaining phase separation in DOPC/ eSM/Chol, it does not explain how phase separation occurs in the DOPC/DPPC/Chol system. It has been suggested that the driving force behind phase separation in these ternary systems is exclusion of DOPC from the l o phase and not due to any preferential Chol-lipid interactions [40] . This viewpoint agrees with the observations for the DOPC/DPPC/ Chol system studied here.
Conclusion
A combination of DSC and 13 C CP-MAS solid-state NMR illustrates that preferential eSM-Chol interactions are present in DOPC/eSM/Chol model lipid rafts. A preferential DPPC-Chol interaction was not detected in the DOPC/DPPC/Chol system within the compositional and temperature range studied here. The T m and enthalpy trends from DSC provided strong evidence for a preferential eSM-Chol interaction when the Chol content is ≤20 mol% with no strong evidence for a similar DPPC-Chol interaction in DOPC/DPPC/Chol. The 13 C isotropic chemical shift of the (CH 2 ) n resonance from 13 C CP-MAS NMR provided valuable information regarding acyl chain ordering without requiring a probe molecule or isotopic labeling. Together DSC and 13 C solid-state NMR provided valuable information regarding Chol-lipid interactions and phase separation in model lipid rafts highlighting distinct differences between the DOPC/eSM/Chol and DOPC/DPPC/Chol systems with regards to preferential sterol-lipid packing.
